Abstract: At present, one of the main inspection methods of electric wires is visual inspection. The development of a novel non-destructive inspection technology is required because of various problems, such as water invasion by the removal of insulators. Since terahertz (THz) waves have high transparency to nonpolar substances such as coatings of conductive wire, electric conductive wires are extremely suitable for THz non-destructive inspection. In this research, in order to investigate the quantitative possibility of detecting the defects on aluminum electric wire, THz wave reflection imaging measurement was performed for artificially disconnected wires. It is shown that quantitative detection is possible for the disconnect status of the aluminum electric wire by using THz waves.
Introduction

THz Wave and Applications
Terahertz (THz) waves are electromagnetic waves in the frequency range between approximately 0.1 and 10 THz, which is at the middle of radio waves and light waves. Therefore, THz wave has characteristics of both, as represented by high transparency to nonpolar substances and good reflectivity to metal surfaces.
Previous work on THz wave generation based on the excitation of phonon-polaritons in GaP was done by Nishizawa and Suto [1] , and various kinds of THz light sources have been developed for practical applications. In our research group, we reported a frequency-tunable light source based on difference frequency generation using GaP and GaSe crystals [2, 3] .
The frequency 1 THz corresponds to a quantum energy of about 4.1 meV, which is relatively low-about one hundred thousandth of X-ray. Hence, it is safe for the human body. In addition, since the energy of the THz wave corresponds to various vibrations, such as intermolecular vibration, phonon vibration, and hydrogen bonding, it is possible to identify substances with its use. Because of such properties, THz waves are expected to be applied in various fields. But among them, application as a new non-destructive inspection technology in place of conventional infrared/visible light and X-rays is expected. Examples of the application of THz waves in industrial fields include internal defect inspection and structural analysis of polymer materials [4] and applications of non-destructive imaging inspection to space-shuttle ceramic style bonded state [5] , as well as tablet surface defect analysis [6] ; in the medical field, the non-destructive inspection of cancer cells [7] has been reported. For imaging measurement, high spatial resolution measurements have been studied by using near-field techniques [8] [9] [10] [11] .
In our research group, we have reported the imaging inspection of water inside building material by sub-THz waves (which are relatively low frequency in the THz band) [12] and the application of non-destructive internal defect inspection of invisible insulated coated copper wires [13] .
Cable Covered by Insulator
Stable power supply networks are indispensable from everyday life to industrial operation, and as importance increases, the deterioration of electric wires becomes a serious problem. Polyethylene insulation-covered electric wires are mainly used as electric power cables, but polyethylene is invisible and the wire cannot be inspected inside by visual inspection. The traditional electric wire inspection method is visual inspection, which has some drawbacks. For example, the need of skillful inspectors, removal of insulators, and danger. Since THz waves pass through a covering material of nonpolar substance, we can detect the wave reflected from the internal wire surface. Therefore, it is expected to be a non-destructive inspection method for invisible insulated wires.
Although copper is mainly used for electric wire, aluminum is a metal that has been replacing copper in recent years. The reason is that the electric wire can be thick because the electric resistance of aluminum is about 60% compared to copper, but aluminum is very light. It is said that if the same electric resistance wires were made of copper and aluminum, the total cost of the aluminum wire would be one-third that of copper. Conversely, several problems (e.g., connection between aluminum wires) remain, but problems have been overcome by connection after removing surface oxide film. Additionally, the wire disconnection process is different for copper and aluminum wires. In the case of copper wire, pitting corrosion causes disconnection due to stress corrosion cracking, whereas in the case of aluminum wire, after the pitting corrosion progresses, the current path becomes narrower and then the wire is heat fused. In this paper, we reproduced the disconnection process of aluminum wires and performed imaging measurement.
Materials and Methods
Measurement Sample
As mentioned above, aluminum disconnection occurs via the process of gradually thinning the strand at the pitting generation point. Therefore, trying to reproduce the disconnection process with an actual wire becomes an irreversible change because of the requirement of cutting the strand. Since the aluminum wire has been pulled with a large force in use, the cross-section view is oblong with four straight sides. Hence, as a preliminary experiment, assuming an uncoated electric wire, we reproduced the disconnection process of aluminum sample by using 0.2 mm-thick aluminum tape and Zeonex plate (refractive index: 1.53). It is desirable that the substrate be highly transparent for the THz wave. We have selected Zeonex, as it is a highly transparent substrate material [14] . Figure 1 shows photographs of the aluminum sample duplicating disconnection process. This sample reproduces strands of 2.5 mm aluminum electric wire by affixing 0.2 mm-thick aluminum tape to the Zeonex plate with high THz wave permeability. For disconnection process imaging, the strand width decrement corresponding to the defects is applied to each sample. In this study, the measurement sample is prepared including the defect parts of 0 mm, 0.5 mm, 1.0 mm, 1.5 mm, 2.0 mm, 2.5 mm width and 1 mm length, respectively. Sub-THz wave reflection imaging measurement was carried out. 
Terahertz Reflection Imaging Measurement
A schematic diagram of the reflection imaging system is shown in Figure 2 . A 90 GHz GUNN diode (Millitech, Northampton, MA, USA) was used for the THz light source. Since the light source is a continuous wave, it has sufficient and steady intensity. Hence, we did not use a lock-in amplifier. The generated THz waves were collimated by a Teflon lens and then focused on the sample surface by a Teflon lens. The beam diameter of the light source was an ellipse with a width of 10 mm and a length of 7 mm, and it was squeezed by placing a circular aperture hole with 3 mm diameter in front of the sample. The reflected and scattered THz waves from the surfaces were collected by Teflon lens, and the reflected waves were detected by a Schottky barrier diode (SBD). An image corresponding to the position of the sample surface was obtained by measuring the reflection intensity in shifting the sample with surface normal to incident direction. Scan time was about an hour in the present experimental setup. The sample was scanned in the vertical direction and the horizontal direction with respect to the optical axis, and the interval was 0.25 mm. Measurement was conducted an average number of three times at room temperature in air atmosphere. 
Results and Discussion
The experimental results are shown in Figure 3 . We can see the clear increase of reflection intensity at the aluminum surface, and the reflection intensity decreased greatly in the defect region surrounded by the dotted line as the defect became larger. The reason is expected to be that the reflection intensity of THz wave is smaller when the aluminum width at the defect point is smaller. 
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Conclusions
We fabricated a disconnection model of aluminum wire by using 0.2 mm-thick aluminum tape and Zeonex plate, and measured its reflection intensity by using 90 GHz wave. In the defect region, as the defect became larger, the reflection intensity decreased greatly. The quantitative detectivity for the disconnection state of aluminum wire by using THz wave was confirmed. Then, as an evaluation method, we defined the difference between the positive and negative maximum values obtained by differentiating the reflection intensity in the horizontal direction at the defect part as the estimated defect width, and compared it with the actual defect width. From the correlation of the actual defect size and the estimated defect size, spatial resolution was smaller than the measurement wavelength of 90 GHz wave due to the aperture arrangement in front of the sample. It was shown that quantitative disconnection detection of aluminum wires by using THz wave is confirmed.
